Nosmips aenigmaticus, New Species. Etymology. Specific epithet is from aenigmaticus, Latin for enigmatic, obscure, or puzzling. Holotype. CGM 66002, a left lower fourth premolar (Fig. 1 I and L and Fig. S1). Author contributions: E.R.S. and D.M.B. designed research; E.R.S., E.L.S., D.M.B., J.M.G.P., T.M.R., and H.M.S. performed research; E.R.S., D.M.B., and J.M.G.P. analyzed data; and E.R.S., D.M.B., and J.M.G.P. wrote the paper.
Paleontological work carried out over the last 3 decades has established that three major primate groups were present in the Eocene of Africa-anthropoids, adapiforms, and advanced strepsirrhines. Here we describe isolated teeth of a previously undocumented primate from the earliest late Eocene (≈37 Ma) of northern Egypt, Nosmips aenigmaticus, whose phylogenetic placement within Primates is unclear. Nosmips is smaller than the sympatric adapiform Afradapis but is considerably larger than other primate taxa known from the same paleocommunity. The species bears an odd mosaic of dental features, combining enlarged, elongate, and molariform premolars with simple upper molars that lack hypocones. Phylogenetic analysis across a series of different assumption sets variously places Nosmips as a stem anthropoid, a nonadapiform stem strepsirrhine, or even among adapiforms. This phylogenetic instability suggests to us that Nosmips likely represents a highly specialized member of a previously undocumented, and presumably quite ancient, endemic African primate lineage, the subordinal affinities of which have been obscured by its striking dental autapomorphies. Discriminant functions based on measurements of lower molar size and topography reliably classify extant prosimian primates into their correct dietary groups and identify Nosmips and Afradapis as omnivores and folivores, respectively. Although Nosmips currently defies classification, this strange and unexpected fossil primate nevertheless provides additional evidence for high primate diversity in northern Africa ≈37 million years ago and further underscores the fact that our understanding of early primate evolution on that continent remains highly incomplete.
Africa | Anthropoidea | Fayum | phylogeny | Strepsirrhini D espite significant recent discoveries of fossil primates from the Eocene of Algeria (1) and Egypt (2) (3) (4) , Africa's role in the early evolution and diversification of primates remains mysterious. The oldest candidate crown primate, latest Paleocene Altiatlasius, is from Africa (3, (5) (6) (7) , but there is limited evidence for primate diversity from that continent's few early and middle Eocene vertebrate fossil localities. Early or middle Eocene Algeripithecus, a primate that was widely considered to be an anthropoid on the basis of limited and fragmentary dental remains (3, (7) (8) (9) (10) , has recently been reinterpreted as a stem strepsirrhine on the basis of more complete material and placed in the family Azibiidae along with the sympatric genus Azibius; the previously named genera Tabelia and Dralestes are now considered to be invalid (1) . In addition to azibiids, other primates from this poorly sampled interval in Africa include the stem strepsirrhine Djebelemur (1, 2, (11) (12) (13) , one lower molar of an unnamed adapiform (14) , and two tooth fragments of an unnamed haplorhine (15) .
Recent work at the ≈37 Ma Birket Qarun Locality 2 (BQ-2), in the Fayum Depression of northern Egypt, has nevertheless revealed that by the beginning of the late Eocene, primate communities in northern Africa were characterized by high diversity and morphological disparity. Thus far BQ-2 has yielded remains of djebelemurines, largebodied caenopithecine adapiforms such as Afradapis (4), the stem galagid Saharagalago, the possible crown strepsirrhine Karanisia (2), and small anthropoids such as Biretia (3). Djebelemurines and crown strepsirrhines are closely related and most parsimoniously interpreted as descendants from an ancient African ancestor (1, 2, 12, 13), where-as caenopithecines are likely derived from an independent colonization from Europe or Asia. The timing of anthropoids' arrival in Afro-Arabia is unclear, but the presence of multiple anthropoid species at BQ-2 supports a colonization in the late middle Eocene or earlier.
Here we describe a rare and enigmatic primate species from BQ-2 that, unlike other primates from the Eocene of Africa, does not fit unambiguously into either Anthropoidea or Strepsirrhini on the basis of the limited dental evidence available. The absence of clear relatives on northern continents suggests that this genus might be a highly specialized member of an ancient and previously undocumented clade of endemic African primates. Differs from Eocene-Oligocene anthropoids in exhibiting the following combination of features: (i) relatively large and mesiodistally elongate P 3 with a long and curving paracristid, a distinct protocristid, and a large metaconid cusp; (ii) mesiodistally elongate and buccolingually narrow trigonid basin on M 1 bearing an internalized metaconid cusp; (iii) well-developed paracristids that surround the trigonid basin on M 1-3 ; (iv) low and crestiform entoconid cusps on M 1-3 ; (v) small and centrally placed hypoconulid cusp on M 2 ; (vi) weak lingual cingulum and no hypocone on M 2? ; (vii) welldeveloped buccal cingulum on M 2? . Differs from Eocene strepsirrhines, including adapiforms, in exhibiting features i, ii, iv, and v listed above as well as the following: mesiodistally oriented oblique cristids that meet the protoconids on M 1-3 ; relatively broad talonid basins on M 1-3 ; and metaconid cusps that are relatively mesial in placement on M 1-3 . In strong contrast to Nosmips, African Eocene strepsirrhines such as djebelemurines, Karanisia, Plesiopithecus, and Wadilemur all lack metaconids and have small and poorly developed talonids on P [3] [4] ; these taxa also have relatively restricted trigonid basins on M 1-2 .
Results
Type locality. BQ-2, Fayum, Egypt. Formation and age. Umm Rigl Member of Birket Qarun Formation, earliest Priabonian in age (≈37 Ma). Diagnosis. As for genus.
Description. Nosmips aenigmaticus is represented by a small sample of isolated upper and lower molars and premolars including P 3 -M 3 , P 3-4 , and a possible M 2 (Fig. 1 ). After eight field seasons of intensive excavation at BQ-2, the primate fauna from the locality is now well known, and it is clear that the premolar teeth described here are, despite their large size relative to the teeth interpreted as lower molars of Nosmips, nevertheless almost certainly attributable to this genus. The only other mammals known from BQ-2 that are in roughly the same size range are creodonts and anomaluroid rodents, both of which are radically different from Nosmips in dental morphology.
The P 3 of N. aenigmaticus (Fig. 1K ) is peculiar in being tall and very long relative to maximum width, and in having both a large, lingually placed metaconid cusp that is connected to the protoconid by a tall protocristid and an elongate trigonid that is bounded buccally by a long and gently curving paracristid. The talonid is very short, bordered lingually by only a weak ridge, and bordered buccally by a distinct postprotocristid. The long axis of the distal root's cross-section is oriented obliquely with respect to the long axis of the crown (Fig. S3 ). As with P 3 , the P 4 ( Fig. 1L and Fig. S1 ) also has an elongate trigonid and a gently curving paracristid, but the P 4 metaconid is approximately equal in size to the protoconid. The talonid basin on P 4 is broad but mesiodistally short and surrounded distally by a weak hypocristid; there is no distinct entoconid cusp, but a weak ridge, continuous with the hypocristid, encloses the lingual side of the talonid. As with P 3 , the postprotocristid is distinct. The morphology of the mesial interstitial wear facet on P 4 suggests that that the trigonid basin of that tooth slightly overlapped the P 3 talonid, reducing the occlusal area available for the P 3 . Both P 3 and P 4 have very weak and discontinuous buccal cingulids.
A relatively large molariform tooth with a damaged talonid (DPC 22442M; Fig. 1A and Fig. S4 ) is here interpreted as an M 1 . When compared with other living and extinct primates, the tooth is very odd in having an elongate trigonid that is completely surrounded mesially by a distinct and slightly mesiolingually oriented crest that is continuous lingually with the mesial face of the metaconid, the distal end of which could be considered a short premetacristid. Other lower molars in the hypodigm that lack this crest and that lack a projecting hypoconulid lobe are considered to be M 2 s (Fig. 1F) ; both M 2 and M 3 have relatively short and restricted trigonid basins. There is no hint of a paraconid cusp on any of the lower molars. On M 1 the metaconid is tall, and its lingual face inclines buccally, giving a somewhat pyramidal shape to that cusp. The cristid obliqua meets the posterior wall of the trigonid low and just distal to the protoconid on all lower molars, and the hypoflexid is accordingly very restricted. The entoconid is crestiform on all of the lower molars, and the lingual halves of the talonids are very low relative to the tall buccal borders, the latter of which are formed by distinct hypoconids and well-developed oblique cristids. The hypoconulid region is not preserved on M 1 owing to damage, but on M 2 that cusp is very small and located approximately midway between the hypoconid and entoconid. The M 3 (Fig. 1J ) has a distinct hypoconulid that is centrally or slightly buccally placed and projects distally as a small lobe, leaving a clear notch between the hypoconid and hypoconulid.
The upper dentition is only known from P 3 , P 4 , and a possible M 2 . The buccal aspect of P 3 (Fig. 1 E and G) is very long mesiodistally and bears a tall paracone with long and trenchant pre-and postparacone cristae. The protocone is very small, located mesially, and there is no hint of a lingual cingulum. The distal margin of the tooth is distinctly notched between the buccal and lingual moieties, giving the tooth a waisted appearance. When compared with P 3 , the buccal aspect of P 4 ( Fig. 1 E and H) is relatively narrow mesiodistally, the paracone is relatively short, and the tooth has a very large and well-developed protocone with a distinct postprotocrista. Each tooth has a minute parastyle and a distinct buccal cingulum. The crown morphology of the possible M 2 is very simple; the mesiobuccal aspect of the tooth is missing, but the tooth presumably had only three cusps (paracone, metacone, and protocone) and notably completely lacks a hypocone and has a discontinuous lingual cingulum. There is no hint of a paraconule or metaconule, and the weak postprotocrista courses to the base of the metacone, where it meets a faint crest on that cusp's lingual face [the "lateral posterior transverse crista" of Kay (16) ]. The postmetacrista is long, distinct, oriented toward the buccal aspect of the tooth, and terminates distally at a well-developed buccal cingulum.
Phylogenetic Position of Nosmips. Across 8 of 12 assumption sets ( Table 1) , parsimony analysis of 361 morphological characters (105 of which could be scored for Nosmips) places Nosmips along the stem lineage of Anthropoidea, in a more basal position than any other Fayum anthropoid. In the remaining four assumption sets, Nosmips is twice placed as an advanced stem strepsirrhine (and as the sister taxon of the latest Eocene Fayum genus Plesiopithecus), and twice within Adapiformes (Fig. 2 and Fig. S2 ). These results lead us to view Nosmips' more common placement as a stem anthropoid with considerable caution. Notably, Nosmips is placed as an advanced stem strepsirrhine when the analysis is constrained by what we consider to be particularly well-founded assumptions (i.e., assumption sets 1 and 2, with some multistate characters ordered and scaled, monophyly of Malagasy lemurs and an Arctocebus-Perodicticus clade constrained, and premolar reacquisition not allowed).
Dietary Reconstruction. Peculiarities in dental morphology often reflect dietary specializations (e.g., ref. 17) . Nosmips is not the only primate at BQ-2 with unusual tooth morphology; Afradapis longicristatus also has a strange dentition, presumably reflecting dietary specializations (4) . Sympatric primates in extant communities avoid competition for food resources through differing ecologic specializations. Morphological differences that correspond to differences in ecologic niche and resource use include body size and tooth morphology (17) . Given similarities in tooth size and presumably body size, we predict that Nosmips and Afradapis were morphologically specialized for different dietary niches, like sympatric primates of similar size in extant communities [e.g., Alouatta and Ateles (18)].
A discriminant function analysis of three variables [orientation patch count (OPC) (19) and relief index (RFI) (20) on M 2 , and M 1 area] measured on 103 extant tarsier and strepsirrhine primates with different diets (i.e., omnivores, primary frugivores, primary folivores, and primary insectivores) classified 92.2% of these individuals into their correct dietary groups (Tables S1, S2, S3, and S4), indicating that this extant comparative data set can be used to infer the dietary proclivities of extinct primates with some confidence. We used the resulting discriminant functions to classify individuals of Nosmips and the sympatric caenopithecine adapiform Afradapis (4) (Fig. 3A) . . This suggests that Nosmips had a diet that required less molar processing of fibrous or tough foods (i.e., less reliance on adult leaves). Interestingly, Nosmips has a fourth premolar with lower relief but greater complexity (RFI 0.43; OPC 52) . Two additional sources of information bearing on Nosmips' diet are (i) the presence of extensive enamel pitting in the talonid basins, particularly on P 4 -M 2 (Fig. 3B) , possibly formed by mastication of hard objects such as seeds or pits of fruits, and (ii) its highly specialized premolar dentition, including a tall and elongate P 3 , which was presumably used to slice foods before mastication by the molar teeth. Again, a diet of fruits or seeds would seem to be consistent with Nosmips' specialized premolars and expanded talonid basins, although the elongate shearing P 3 / 3 could also conceivably have been used to crop leaves from tough stems.
Discussion and Conclusions
Nosmips may be an odd strepsirrhine bearing some anthropoid-like dental features, a highly specialized early offshoot from the anthropoid stem lineage, or even a bizarre catarrhine, but much more informative material is needed to clarify this strange primate's phylogenetic position. Nosmips shows clear morphological differences from other genera at the base of the anthropoid stem lineage, such as Eosimias (21) and Bahinia (22) . Unlike Nosmips, these genera primitively retain large molar paraconids but also have complete lingual cingula on the upper molars. Nosmips is similar to Eosimias and Bahinia, and unlike more derived Eocene anthropoids from the Fayum, in retaining probable primitive features, such as small and centrally placed lower molar hypoconulids, a well developed buccal cingulum and notched distal margin on M 2? , the lack of a hypocone on M 2? , and a tiny P 3 protocone. Layered on top of these primitive features, however, are some clear autapomorphies, such as the elongate and bicuspid P 3 , the elongate and molariform P 4 , the enlarged buccal cusps of P 3 / 3 relative to those of P 4 / 4 , the peculiar morphology of the first lower molar, the lack of distinct molar paraconids, crestiform molar entoconids, and low lingual walls on M 1-3 .
Nosmips' enlarged and elongate P 3 , molariform P 4 , absence of lower molar paraconids and upper molar conules, and centrally placed hypoconulids are features that are also seen in early stem catarrhines such as propliopithecids, which appear in the same area later in the Paleogene. However, Nosmips differs significantly from propliopithecids in having an M 2? with an incomplete lingual cingulum, broad buccal shelf, and no hypocone; no lingual cingula on the upper premolars; no lingual cingulid on P 3 ; an elongate trigonid basin on M 1 ; small lower molar hypoconulids; and extreme difference in height between the lower molar trigonids and talonids in lingual view. The genus is never placed with early catarrhines in any of our phylogenetic analyses. The upper tooth that shears against Nosmips' specialized P 3 paracristid has never been discovered at BQ-2, but we consider it likely, on the basis of Nosmips' greatly enlarged P 3 , that, like early catarrhines and the sympatric adapiform Afradapis, the occluding upper tooth was more likely a canine than an enlarged and caniniform P 2 . If this is the case, then the honing complex between the upper canine and P 3 , and loss of P 2 / 2 , would Table 1 for assumptions and tree statistics.
have evolved independently three times in the Eocene of Africa (i.e., in catarrhines, Afradapis, and Nosmips). Nosmips' consistent proximity to the strange terminal Eocene Fayum primate genus Plesiopithecus, which was originally interpreted as an anthropoid on the basis of limited dental remains (23) but subsequently aligned with strepsirrhines on the basis of more informative cranial remains (24) , suggests that Nosmips might turn out to have affinities with plesiopithecids, despite considerable differences in overall dental morphology. Nosmips is also similar to early Eocene asiadapine adapiforms in combining lower molars that have broad talonid basins and reduced or absent paraconids (on M 2-3 in asiadapines) with upper molars that lack hypocones, conules, and complete lingual cingula (25) . Nosmips is, however, never allied with asiadapines in our phylogenetic analyses.
Information from Nosmips' anterior dentition will help to further clarify this strange primate's feeding adaptations, but on the basis of available evidence from molar topography and microwear, we consider it likely that Nosmips regularly consumed fruit, presumably supplemented by leaves and insects. Such preferences likely differentiated it from the sympatric folivore Afradapis. The premolar morphology of Afradapis and Nosmips suggests additional differences in ingested food types and/or modes preparation: low relief and high OPC in the P 4 of Nosmips indicate a possible fracturing function, whereas higher relief and lower complexity of Afradapis P 4 s indicate a shearing function. Overall close similarity between the P 4 and molars of Nosmips in RFI and OPC could also suggests that these teeth were part of the same functional field, whereas differences between the P 4 and the molars of Afradapis suggest these teeth were part of different functional fields. If this is correct, then the two large primates from BQ-2, Afradapis and Nosmips, had diets that were sufficiently different to allow their populations to avoid consistent direct competition for resources.
Materials and Methods
Phylogenetic Analysis. A reduced version of Seiffert et al.'s (4) morphological character matrix, with highly incomplete taxa (i.e., those missing >75% of the 361 characters) removed (matrix is available at http://www.anat.stonybrook. edu/eseiffert/nosmips.html ), was analyzed under maximum parsimony using the heuristic search option in PAUP* 4.0b10 (26) with random addition sequence and the tree bisection and reconnection branch swapping algorithm across 5,000 replicates. Numerous analyses were undertaken, altering certain assumptions to determine whether the placement of Nosmips changed depending on whether (i) some multistate characters were ordered and scaled; (ii) premolar presence/absence was constrained to be irreversible (i.e., previously lost premolars were not allowed to be reacquired); (iii) a molecular scaffold constrained the monophyly of Malagasy lemurs and an Arctocebus-Perodicticus clade (as supported by abundant DNA sequence and SINE data, e.g., ref. 27); or (iv) the National Museum of Myanmar Primate (NMMP) 20 partial skeleton from the late middle Eocene Pondaung Formation was scored for the Pondaungia cotteri OTU (28) . See Fig. S2 for additional results.
Dietary Reconstruction. OPC (19) and RFI (20) were calculated using threedimensional surface reconstructions derived from micro-CT scans of tooth casts. Methodology follows that of Boyer et al. (29) . For calculation of RFI, each tooth scan was smoothed using 100 iterations in the program Avizo v. 6. For OPC, tooth scans were not smoothed but were downsampled to a standard number of point rows per tooth (50), leaving a final resolution of 80-100 μm for these teeth. OPC values were calculated in a GIS (Geographic Information System) program, SurferManipulator (30) , that divides up a 3D tooth surface model into patches that face in any of eight cardinal directions. OPC values represent the total number of patches (consisting of three or more pixels) that are required to describe the surface of the tooth. RFI is a metric describing the 3D surface area (3da) of a tooth model relative to the 2D area of a tooth model in occlusal view (2da), using the equation RFI = ln [(√3da)/(√2da)]. 
